We report the identification and characterization of genes encoding three enzymes that 19 are shared between the mitochondrial and plastidial-localized Type II fatty acid synthase 20 systems (mtFAS and ptFAS, respectively). Two of these enzymes, β-ketoacyl-ACP 21 reductase (pt/mtKR) and enoyl-ACP reductase (pt/mtER) catalyze two of the reactions 22 that constitute the core, 4-reaction cycle of the FAS system, which iteratively elongate 23 the acyl-chain by 2-carbon atoms per cycle. The third enzyme, malonyl-CoA:ACP 24 transacylase (pt/mtMCAT) catalyzes the reaction that loads the mtFAS system with 25 substrate, by malonylating the phosphopantetheinyl cofactor of acyl carrier protein 26 (ACP). GFP-transgenic experiments determined the dual localization of these enzymes, 27 which were validated by the characterization of mutant alleles, which were transgenically 28 rescued by transgenes that were singularly retargeted to either plastids or mitochondria.
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In summary therefore, proteins encoded by AT2G30200, AT1G24360 and AT2G05990 146 appear to encode dual localization signals, to both mitochondria and plastids; one of 147 these signals resides in the N-terminal pre-sequence, and the other in the mature portion 148 of these proteins. Furthermore, the signal that resides in the N-terminal pre-sequence 149 appears to predominate in the case of AT2G30200 and AT2G05990, whereas with 150 AT1G24360 the organelle targeting signal in the mature portion of the protein 151 predominates. In contrast, the AT3G45770-protein is singly targeted to mitochondria via 152 a N-terminal pre-sequence signal peptide. 
164
The yeast mutant strains that lack mtFAS functions cannot utilize glycerol as a sole 165 carbon source, because they are deficient in respiration (27) . On media that use glycerol 166 as the sole carbon source, the yeast mutant strains lacking individual mtFAS 167 components (i.e., mct1, oar1 or etr1) show no growth, unless they express the 168 mitochondrially targeted Arabidopsis proteins encoded by AT2G30200, AT1G24360, 169 AT2G05990 or AT3G45770 (Figure 2A ). In each case these results mirrored the results 170 obtained by similarly expressing the yeast MCT1, OAR, or ETR1 proteins (Figure 2A ). In 171 contrast, neither the control empty expression plasmid or the expression plasmid 172 carrying only the COQ3 mitochondrial targeting element is able to rescue the growth 173 deficiency of these yeast strains in glycerol media (Figure 2A ).
174
In the case of the enoyl-ACP reductase components of the mtFAS system, recombinant 175 purified proteins encoded by AT2G05990 or AT3G45770 (expressed in E. coli) were also 176 evaluated in vitro for their ability to catalyze the expected chemical reaction. Because 177 enoyl-ACP reductases are known to be active with both enoyl-ACP (their native 10 substrate) and enoyl-CoA (32), in these experiments each protein was tested for the 179 ability to reduce enoyl-CoA substrates. These assays were conducted with Δ2 trans -10:1-
180
CoA and Δ2 trans -16:1-CoA, and activity was monitored by the decrease in A340 due to 181 the coupled oxidation of the pyrimidine nucleotides (NADH or NADPH). Both
182
AT2G05990 and AT3G45770 proteins were capable of reducing the enoyl-CoA 183 substrates, and they exhibit comparable K m , V max and catalytic efficiency (k cat /K m ) with 184 both tested substrates ( Figure 2B ). Moreover, these assays establish that AT2G05990 is 185 an NADH-dependent reductase, and its activity with NADPH is undetectable. In contrast,
186
AT3G45770 is an NADPH-dependent reductase, and its activity with NADH is 187 undetectable.
188
In combination therefore, the GFP-transgenic fluorescence data, the yeast genetic 189 complementation experiments and the biochemical characterizations of purified proteins 190 indicate that three Arabidopsis genes (AT2G30200, AT1G24360 and AT2G05990) 191 encode proteins that are dual targeted to plastids and mitochondria, and they have the 192 ability to catalyze the MCAT, KR and ER reactions, respectively. We therefore label 193 these proteins as pt/mtMCAT (AT2G30200), pt/mtKR (AT1G24360) and pt/mtER 194 (AT2G05990) indicating their dual localizations. In contrast, AT3G45770 encodes a 195 mitochondrially localized ER enzyme, which we label as mtER, indicating its functionality 196 in the sole organelle.
197
The in planta roles of pt/mtMCAT and pt/mtKR in mtFAS
198
The role of pt/mtMCAT (AT2G30200) and pt/mtKR (AT1G24360) as enzymatic 199 components of the mtFAS system was further evaluated by characterizing Arabidopsis 200 plants carrying T-DNA-tagged mutant alleles at each locus (details in the method 201 section). As previously described (20), mutant plants homozygous for the T-DNA allele 202 11 at the AT2G30200 locus are not recoverable as they are embryo lethal. Similarly, mutant 203 plants homozygous for the T-DNA allele at the AT1G24360 also display an embryo 204 lethal phenotype. This embryo-lethality is associated with the fact that these two gene 205 products are components of the ptFAS system (20), which prior genetic studies have 206 established as being essential; these genetic conclusions are exemplified by mutations 207 in other ptFAS components, such as the htACCase (28) and KASI (29) .
208
Therefore, we designed transgenic complementation experiments to further confirm that 209 these dual localized gene products are also components of the mtFAS system.
210
Specifically, plants that are heterozygous mutant at the AT2G30200 locus (pt/mtMCAT) 211 or the AT1G24360 locus (pt/mtKR) were transformed with transgenes that express two 212 versions of the pt/mtMCAT or pt/mtKR proteins, respectively. One version of these 213 transgenes express the ORF that encodes the full-length proteins, and as indicated by 
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In contrast, the transgenic plants expressing the N-terminally truncated pt/mtMCAT or 230 pt/mtKR proteins (i.e., these proteins are predicted to be plastid localized, but not 231 targeted to mitochondria) exhibit reduced size ( Figure 3A ). Most significantly, when 232 these plants were grown in a 1% CO 2 atmosphere, where photorespiration deficiency is 233 suppressed, the stunted growth morphology is reversed ( Figure 3A 
241
These attributes were previously characterized with mutations in other mtFAS 242 components (e.g., mtPPT (19), mtMCS (3), mtKAS (18), and mtHD (4)). These latter 243 mutants exhibit a growth-stunting that is reversible when plants are grown in an elevated 244 CO 2 atmosphere. Such characteristics have been attributed to the fact that mtFAS 245 generates the lipoic acid cofactor for GDC, and this deficiency blocks photorespiration, 246 leading to the growth deficiency, and hyperaccumulation of glycine, traits that are all 247 reversed when mtFAS mutant plants are grown in an elevated CO 2 atmosphere that 248 suppresses photorespiration (4). Collectively therefore, these findings demonstrate that 
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Two enoyl-ACP reductase isozymes for mtFAS 253 Two genetic loci appear to encode proteins that catalyze the enoyl-ACP reduction 254 reaction of mtFAS, the AT2G05990 locus that encodes an NADH-dependent reductase 255 and the AT3G45770 locus that encodes an NADPH-dependent reductase. The former 256 protein is dual targeted (i.e., pt/mtER), and the latter is targeted to mitochondria (i.e., 257 mtER). We genetically dissected the roles of these two enoyl-ACP reductase genes by 258 characterizing three mutant lines: 1) two T-DNA-tagged mutant alleles at the mtER locus 259 (mter-1 and mter-2), both of which eliminate the expression of mtER; 2) an RNAi 260 knockdown lines of the pt/mtER locus (pt/mter-rnai-1 and pt/mter -rnai-2), which reduce 261 the expression of pt/mtER to ~2% of wild-type levels; and 3) double mutant lines (i.e.,
262
mter-1-pt/mter-rnai-1 and mter-1-pt/mter-rnai-2), which eliminates the expression of 263 mtER and reducing the expression of pt/mtER to ~2% of wild-type levels.
264
As indicated by the exemplary data gathered from plants at 16 DAI, plants homozygous 265 for the mutant mtER alleles are morphologically and metabolically (i.e., amino acids, 266 fatty acids, and lipids) indistinguishable from wild-type plants ( Supplemental table 1 ). In 267 contrast, the aerial organs of the pt/mter-rnai mutant and mter-1-pt/mter-rnai double 268 mutant lines are considerably reduced in size ( Figure 4A ). This growth phenotype was 269 equally expressed independent of whether these plants are grown in ambient air or a 1% 270 CO 2 atmosphere ( Figure 4A) ; the expectation being that in the latter conditions any 271 potential mtFAS associated photorespiration phenotype would be suppressed (18).
272
Therefore, these observations suggest that these mutations do not affect mtFAS, and 
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In contrast, biochemical analyses that evaluated the metabolic status of these mutant 277 plants indicate that both mtER and pt/mtER contribute to mtFAS. The evidence that 278 supports this conclusion includes: a) western blot analysis that indicates the lipoylation 279 states of GDC in mter and pt/mter-rnai single mutants is reduced to between 60% to 280 80% of the wild-type levels, and this protein is even further under-lipoylated, to about 281 10% of the wild-type level in the double mutant plants ( Figure 4B) ; b) accompanied with 282 the reduction in lipoylation status of the H protein, glycine accumulation is increased by 283 about 15-fold in these double mutant lines; and c) this latter attribute is completely 284 reversed when these double mutant plants are grown in the 1% CO 2 atmosphere, which 285 suppresses photorespiration ( Figure 4C ). Other changes in amino acid levels were 286 detected in these double mutant (Supplemental Table 1 ). Collectively therefore, we 287 conclude that the mtFAS system appears to be redundantly enabled by two enoyl-ACP 
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The dual localized mtFAS components (i.e., pt/mtMCAT and pt/mtKR) had previously 314 been characterized as components of the ptFAS system (20,21,29), and these 315 characterizations had established the essentiality of these components during 316 16 embryogenesis. Thus, deducing that these are also components of the mtFAS system 317 required a combination of reverse genetic and transgenic strategies. Specifically, we 318 generated plants that were deficient in mitochondrial MCAT or KR functions, but 319 normally expressed plastidial-localized MCAT or KR functions. This could be achieved 320 by the fact that for these two proteins, the plastid-targeting information is encompassed 321 in the mature protein sequence, whereas the mitochondrial-targeting information is 
Dual-localization of proteins to plastids and mitochondria 342
An increasing number (>100) of proteins generated from a single gene locus are known 343 to be dual-targeted to both mitochondria and plastids (32). What might be the 344 evolutionary advantages that drive the formation of dual-targeting events? An obvious 345 benefit is the apparent economy of maintaining only one gene instead of two. However, 346 from an evolutionary point of view, concentrating two functions in a single gene is 347 unusual, as the more common tendency is neo-specialization via gene duplication (33).
348
In addition, there are clear disadvantages for dual targeted proteins. For example, the 
359
This functional conservation may therefore lead to the retention of dual-targeting events 360 by ensuring that proteins from these two organelles are functionally interchangeable.
361
Mechanistically, for dual-targeting between mitochondria and plastids, the targeted 362 protein has to be recognized by the import machinery of both organelles (34).
363
Evolutionarily, the protein import machineries in these organelles arose independently, 
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In the GFP transgene experiments, PCR inserts were obtained using the following 417 primers: pt/mtMCAT (primers M19-M20), pt/mtMCAT (primers M19-M21), 418 pt/mtMCAT (primers M22-M20), pt/mtKR (primers M23-M24), pt/mtKR 419 (primers M23-M25), pt/mtKR 214-957 (primers M26-M24), pt/mtER (primers M27-M28), 420 pt/mtER (primers M27-M29), pt/mtER (primers M30-M28), mtER 
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In complementation transgene experiment, pt/mtMCAT 
442
David Oliver at Iowa State University) on 50 μg total protein as described previously 443 (18, 19) . (C) Glycine accumulation. Plants of the indicated genotype were grown in either ambient air or in a 1% CO 2 atmosphere.
